We present a new method to retrieve sea level from GNSS SNR data that relies upon inverse modelling of the detrended SNR. This method can simultaneously use data from both GPS and GLONASS, and both L1 and L2 frequencies, to improve the solution with respect to prior studies. Results from the GNSS-R installation at Onsala Space Observatory are presented and the retrieved sea level heights are compared with a co-located pressure mareograph. The method is found to give an RMS error of 1.8 cm. The results are also compared against previous implementations of GNSS tide gauges and found to have lower RMS than both the earlier SNR algorithm and also the dual receiver, phase delay method.
INTRODUCTION
The idea that sea level measurements could be done passively using available GNSS signals was proposed already over two decades ago [1] . Since then several methods of using GNSS signals for measuring sea level has been proposed, using various degrees of specialized equipment. The first conceived ground based GNSS-R tide gauges use two receivers; one with upward antenna looking receiving primarily direct signals, and one with downward looking antenna receiving the reflected signal. Using the difference in time delay between the signals received by the two receivers, the height of the reflector surface can be calculated.
However, it has also been shown that geodetic-class offthe-shelf GNSS receivers can be used for sea height retrieval without modification [2] , using the signal to noise ratio (SNR) of the GNSS satellites. Such stations are already installed on many coastal sites, and have been so for some time, and therefore their data could be used for calculating the sea level for several years back in time. A drawback of this one-receiver approach is its lower time resolution [2] , but at the same time the operation has been shown to be more reliable in high wind conditions than two-receiver installations [3] .
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ONSALA GNSS-R INSTALLATION
The GNSS-R tide gauge at the Onsala Space Observatory was installed in fall of 2011, and has been previously described [2] . The equipment at the site can perform both single and dual receiver operation. During the time from which the GNSS data were collected a pressure mareograph, with a nominal uncertainty of 5 mm, were available 10 m from the GNSS-R station, which is used as a reference for the GNSS-R tide gauge implementations.
GNSS TIDE GAUGE
The SNR GNSS tide gauge builds upon using multipath effects in GNSS signals to derive the sea height in the vicinity of the GNSS receiver. The SNR of GNSS signals, which are affected by interference fro m reflections, is dependent on the elevation angle to the satellite. Therefore, as the satellite travels along its arc, the SNR will create a characteristic oscillating pattern overlaid on a long time trend [4] . The frequency of these oscillations depend on the height, h, between the antenna and the reflecting surface. Removing the trend from the SNR, the remainder can be modelled as [5] :
Here, E is the angle to the satellite measured from the horizon. Noting that 5SNR can be rewritten as a function of x = sin( E), previous efforts on SNR tide gauges have focused on using spectrum analysis to find the main frequency in the individual 5SNR arcs, which corresponds to 4~h. Since the function is unevenly sampled in x, Fast Fourier transform will not work, and an algorithm such as Lomb-Scargle must be used to retrieve the power spectrum. In the original form this assumes a stationary reflector surface for the whole arc. For example this is reasonable in the case of snow height measurements [6] and sea level measurements where the tidal ranges are low [2] . For sites where the tidal range is too high this model is too inaccurate since the reflector height changes significantly during the arc, which introduces systematic error depending on if the reflector height is rising or falling. To compensate for this, some work has been done to provide a correction term for the height change of the surface, which accounts for a linear change in the reflector height [3] .
Inverse modelling of GNSS SNR data
In the proposed method, the height is retrieved through inverse modelling the oSNR by fitting a curve to it. Figure 1 depicts the oSNR from one arc, and a fitted function using the process described below. A similar procedure has been previously used to measure snow height [7] , however in that method the reflector height was assumed to be constant, and only one measurement was derived for each arc. In this work we will model height as a time dependent function to account for the changes in oSNR-frequency that occurs when measuring changing water levels. From Equation (1) we see that we can model the oS NR using only four parameters: the amplitude A , a phase offset i.p , a damping factor K, and the height h. Since c in Equation (1) is a function of time, we can also introduce time dependent height h(t), and use t as our variable instead of x = sin(c). This allows the height of the reflector surface, and therefore frequency of the oSNR, to change during the course of one arc. Furthermore, instead of one single measurement of the sea level per satellite arc the method gives a continuous function for the height.
The height is modelled as a smooth function using a 2nd order b-spline basis. The b-spline basis of degree r is defined recursively using the node-points to , ... , tn as [8] :
With these basis functions the height function is approximated using the node heights ho , ... , hn :
Data from three consecutive days are used for fitting the height function and the other parameters. However, only the data from the middle day is used as the final solution. The underlying fitting problem becomes highly non-linear because of the form of Equation (1), and is solved iteratively using numerical methods.
As already mentioned, our approach is able to use all arcs during a chosen timespan to fit a continuous height function. Worth noting is that this is not confined to arcs from a specific GNSS system, or a specific frequency. It is possible to use all available signals simultaneously, thereby increasing the amount of data available for the fitting .
RESULTS AND COMPARISON
The number of nodes chosen for the b-spline approximation of the height is important for a proper modelling of site specific reflector height variations. If too few nodes are chosen, the resulting height-function will not be able to resolve all tides, but if too many nodes are used the function will instead be to sensitive to outliers in the data set. For this implementation 37 evenly spaced nodes, i.e. a two hour separation, are used for the whole three days that are processed simultaneously. As shown in Figure 2 , this gives the height function enough resolution to resolve all but the most short time scale behaviour. Fig. 2 . Sea level derived from inverse modelling the detrended SNR, and the reference data from the on site mareograph for a subset of the data used for validation. Since the mareograph and the GNSS solution do not have the same reference level, the mean of the two data sets are removed before plotting.
The derived sea level results were compared against the Table 1 . RMS difference and correlation between three different GNSS-R tide gauge implementations and the reference mareograph at Onsala from doy 273 to doy 303, year 2012. The result of the Lomb-Scargle and the phase delay methods are the best results gained for the respective method in the paper by [3] . co-located pressure sensor by evaluating the final b-spline function for the height at the time of all pressure sensor measurements. For comparison, the chosen data set has previously been used for the Lomb-Scargle method and phase delay method by [3] . The set is taken between day of year 273 and 303 in the year 2012. Since the GNSS-R tide gauge and the pressure sensor measure with respect to different offsets, the mean values of each time series are removed before the comparison.
The results of the comparison are summarized in Table 1 , where the inverse modelling method is compared against the best results of the Lomb-Scargle algorithm and phase delay method. As can be seen from the table, the inverse modelling represents a significant improvement in performance for the single receiver operation, reducing the RMS error by more than 50 % and decreasing the mean difference to only 1.5 cm.
CONCLUSIONS
Inverse modelling for sea level retrieval has a potential to increase the precision of GNSS-R tide gauges. It even outperforms the current dual receiver phase-delay method, without the need for specialized equipment. This means that potentially all GNSS receivers already installed near open water can be used to retrieve sea level. Furthermore, since the method is based on SNR analysis, it can continue to operate during high winds, in which the phase delay algorithm fails to lock on the satellites with the nadir looking antenna. This leads to a more stable and reliable operation.
Another advantage of this new method is its high temporal resolution; sea level values can be obtained at any time resolution depending only on the choice of the b-spline nodes. This is in contrast to the sparsely sampled arc-wise solutions, with a mean spacing of roughly half an hour, which earlier SNR methods give.
The ability to use data from different GNSS systems is also seen to increase the performance, further reducing the RMS. Therefore, it is of interest to add other systems, such as GALILEO and COMPASS, in the future.
However, to verify these results, the algorithm needs to be tested on more GNSS installations and sites with varying tidal
